The conformational agenda harnessed by different glycosidases along the reaction pathway has been mapped by X-ray crystallography. The transition state(s) formed during the enzymic hydrolysis of glycosides features strong oxocarbenium-ion-like character involving delocalization across the C-1-O-5 bond. This demands planarity of C-5, O-5, C-1 and C-2 at or near the transition state. It is widely, but incorrectly, assumed that the transition state must be 4 H 3 (half-chair on both retaining and inverting α-mannosidases also suggests non-4 H 3 transition states for these medically important enzymes. Three-dimensional structures of enzyme complexes should now be able to drive the design of transition-state mimics that are specific for given enzymes, as opposed to being generic or merely fortuitous.
from family GH-6 may also be indicative of a 2,5 B transition-state conformation. Work in other laboratories on both retaining and inverting α-mannosidases also suggests non-4 H 3 transition states for these medically important enzymes. Three-dimensional structures of enzyme complexes should now be able to drive the design of transition-state mimics that are specific for given enzymes, as opposed to being generic or merely fortuitous.
Enzymic hydrolysis of glycosides
The enzymic hydrolysis of the glycosidic bond, catalysed by glycoside hydrolases (or glycosidases), is one of the most powerful enzyme-catalysed reactions. Rate enhancements up to 10 17 -fold above the uncatalysed rates may be achieved [1, 2] . In the therapeutic context such values also reflect extremely tight (up to 10 −22 M −1 ) binding of the reaction transition state and thus the potential for the design and application of powerful transition-state mimics. The reaction pathway for glycosidases, whether it be with retention of anomeric configuration (via a covalent intermediate) or with direct inversion of configuration (Scheme 1) involves late oxocarbenium-ion-like transition states in which leavinggroup departure is well advanced (reflected in Brønsted β lg values of ≈ -0.8) [3] . Such transition states are stabilized by extensive donation of lone-pair electrons from the endocyclic oxygen across the O-5-C-1 bond: the resultant partial double-bond character demands that at, or extremely close to, the transition state C-5, O-5, C-1 and C-2 must be coKey words: distortion, drug design, glycoside hydrolase, inhibition, reaction mechanism, transition state. 1 To whom correspondence should be addressed (e-mail davies@ysbl.york.ac.uk). 2 [4] .
Which transition-state conformation is used by a particular enzyme? Although there appears to be a tacit assumption, reflected in both schematic figures and synthetic targets, that glycoside hydrolysis passes through 4 H 3 half-chair transition states, there is mounting evidence that this need not be so. Whereas kinetic isotope effects are perhaps the most powerful means to address transition-state conformation, recent structural work analysing the stable enzyme-ligand species either side of the transition state has revealed considerable insight into both the contortions of the substrate along the reaction co-ordinate and the likely transition states.
Structural insights with retaining β-glycosidases
The mid-1990s were a defining period in glycosidase research, for not only were three-dimensional structure determinations plentiful after an extended lag phase, but the essential synergy between chemistry and structural biology was harnessed as specifically designed and synthesized oligosaccharide mimics were used to probe mechanistic issues. A particular challenge that was addressed by our group was the conformational agenda of glucosidases. Although the inhibitor acarbose had previously been used to study similar complexes of α-glucosidases (recent examples from the authors' own laboratory include [5, 6] ), it was the use of a non-hydrolysable thio-oligosaccharide substrate on the Fusarium oxysporum endoglucanase Cel7B which first allowed observation of an active-site-spanning 'Michaelis' complex of a β-glycosidase [7] . The stunning observation in the F. oxysporum Cel7B case [7] was that the pyranoside in the 'catalytic' -1 subsite (subsite nomenclature is reviewed in [8] ) was distorted away from its relaxed 4 C 1 conformation (with the glycosidic linkage equatorial) to a 1 S 3 conformation, with the glycosidic linkage pseudo-axial. Such a conformation permits direct in-line nucleophilic attack, allows harnessing of favourable stereoelectronics through anti-periplanar effects and removes the potential steric hindrance from H-1 (and also H-3 and H-5). At the same time, Tews and co-workers [9] at the EMBL (Hamburg, Germany) trapped an unhydrolysed chitobiose species on the family 20 N-acetylhexosaminidase ('chitobiase'), which showed similar distortion and which placed the substrate-donated nucleophile in this anchimeric assistance enzyme in an identical 'in-line' location to the enzyme-derived carboxylate nucleophile of Cel7B.
Subsequent work included the trapping of a series of enzymic snapshots of an endoglucanase, in this case Cel5A from Bacillus agaradhaerens, in which a poorly hydrolysed substrate, 2,4-dinitrophenyl-2-deoxy-2-fluoro-β-D-cellobioside, was trapped in its Michaelis complex at a low pH at which activity was reduced due to protonation of the nucleophile [10] . Again this gluco-configured substrate adopted a distorted 1 S 3 conformation. In this case, we could go on to trap the covalent glycosyl-enzyme intermediate using the 2-fluoro 'Withers' reagent and this was observed in a relaxed 4 C 1 conformation. [12] [13] [14] ). Recent work on family 18 chitinases and family 20 hexosaminidases also reveals approximate 1,4 B conformations for Michaelis and 4 C 1 conformations for the covalent (in these cases an oxazoline) intermediates [15, 16] .
Family 11 xylanases
Unlike family 10 xylanases, which most probably use a similar conformational agenda to that outlined above, the structurally distinct xylanases in 'family 11' have been demonstrated to form a stable 2-fluoro glycosylenzyme intermediate in the 2, 5 B conformation [17] [18] [19] . Nonhydrolysed 'Michaelis' complexes are not available for this family, but the 2,5 B intermediate is suggestive of a similarly conformed transition state, since the 2,5 B places C-5, O-5, C-1 and C-2 conveniently co-planar, as is demanded at or near the transition state. Although Vasella et al. [20] cast doubt on the use of this transition state, since it demands what is equivalent to a 'syn-elimination', additional support comes from the observation of a 2,5 B conformation for xylonolactone which, like the transition state, is sp 2 -hybridized at C-1 [14] . Intriguingly, the structurally related cellulases in 'family 12' display a 4 C 1 intermediate, perhaps indicative of a different conformational itinerary and suggesting that subtle changes within similar active sites dictate reactivity and transition-state conformation, a proposal borne out by work on retaining β-mannanases described below.
Reaction pathways of a β-mannanase
Recent structural work on the family 26 mannanase from Cellvibrio japonicus (the organism formally known as Pseudomonas cellulosa and Pseudomonas fluorescens subsp. cellulosa) revealed a 1 S 5 conformation for the unhydrolysed Michaelis complex with 2-fluoro-2-deoxy-β-D-mannobioside [21] . In a similar manner to the 1 S 3 -conformed Michaelis complexes observed for retaining cellulases, the 1 S 5 conformation with a manno-configured ligand likewise allows in-line nucleophilic attack with an axial leaving group orientation and has the added benefit of placing the manno-O-2 pseudo-equatorial. This avoids potentially troublesome 1,2-syn-diaxial interactions and explains the previously confusing observation that some glucosidases and mannosidases have identical recognition elements in their respective -1 subsites but act on differently configured ligands. Trapping of the covalent glycosylenzyme intermediate with the 'Withers' reagent revealed a Scheme 3 Likely reaction pathways for the glycosylation step of the 'retaining' mechanism derived from three-dimensional structure solutions of the trapped Michaelis and covalent intermediate structures [10, 21] The hydrolysis of (a) gluco-derived substrates by Cel5A [10] and (b) manno-configured substrates by Man26A [21] is shown.
S O conformation (Scheme 3)
. Inspection of the pseudorotational itinerary (Scheme 2) shows that the two observed conformations flank the B 2,5 in the same way that the 1 S 3 and 4 C 1 conformations observed for glucosidases flanked 4 H 3 . On this basis we proposed that family 26 mannanases, and perhaps other retaining β-mannosidases, will stabilize a B 2,5 transition-state conformation for the glycosylation step of glycoside hydrolysis. Additional support for such a proposal again comes from the observation of B 2,5 conformations for mannosidase inhibitors sp 2 -hybridized at C-1 such as D-manno-1,5-lactam and D-manno-1,5-lactone [12, 14, 22, 23] .
Inverting β-glucosidases from family 6
Cellulases from glycoside hydrolase family GH-6 perform catalysis with inversion of anomeric configuration. They have been the object of much study not merely because the cellobiohydrolases in the family are highly efficient in the degradation of crystalline cellulose, but also because whereas the catalytic acid in the mechanism is clear, the role and existence of the catalytic base remains shrouded in mystery. Equally unclear is the conformation adopted by the pyranoside unit at the transition state. Whereas a number of product or pseudo-product complexes of family 6 enzymes had revealed relaxed 4 C 1 conformations in the -1 subsite, the first active-centre-spanning complex, the Trichoderma reesei Cel6A with a non-hydrolysable thio-oligosaccharide 'cellobiose-S-cellobiose' [24] , revealed an unusual 2 S 0 conformation hinting at the adjacent 2,5 B conformation for the transition state [25] . This conformation was widely considered unlikely for glucoside hydrolysis due to unfavourable 'bowsprit' interaction between C-6 and H-2. Interpretation of these complex data are difficult since, in the reported complexes, it is clear that other aspects of the catalytic machinery do not sit in appropriate location (the acid is swung away from the glycosidic oxygen). An identical conformation for the Humicola insolens Cel6A, both with the same ligand [26] and with a non-active-site-spanning inhibitor (which in this latter case displays appropriate protonation apparatus; [30] ), does lend the 2,5 B conformation considerably more support. Furthermore, recent outstanding atomic resolution work has also revealed a 2,5 B conformation for a substrate complex of an unrelated inverting cellulase, the Clostridium thermocellum endoglucanase Cel(8)A [27] . A 2,5 B transition state for these inverting cellulases looks increasingly plausible.
Other enzymes: α-glucosidases and both inverting and retaining α-mannosidases
The only example reported thus far of a covalent intermediate complex for a retaining α-glucosidase is the trapped intermediate of cyclodextrin glycosyltransferase [28] . Following the logic outlined above, one would have predicted this structure to display a distorted, perhaps 1 S 3 , conformation consistent with steric, stereoelectronic and in-line displacement expectations. The structure, however, reveals a β-linked intermediate in a 4 C 1 conformation. Whereas this is superficially surprising, it may be a special case since this enzyme is a transglycosylase and not a hydrolase, i.e. its covalent intermediate is necessarily more stable in the absence of the transglycosylation acceptor to prevent futile hydrolysis. Indeed, the use of a less-reactive 4 C 1 intermediate might well be one of the catalytic strategies that facilitates transglycosylation over abortive hydrolysis. It is certainly very hard for one to envisage this class of enzyme not proceeding with nucleophilic displacement in a classical inline manner.
An extremely interesting case is provided by substrate complexes of inverting α-mannosidases. These enzymes display ligand complexes in 1 C 4 conformations, with this unusual conformation being stabilized by a bivalent metal ion bridging hydroxyl oxygens 2 and 3 [29] . One might assume these enzymes to harness the adjacent 3 H 4 transition state. This proposal is supported by the tight binding of a specific inhibitor, kifunensine, which is conformationally locked into a 1 C 4 conformation.
Summary
X-ray crystallography has revealed many potential conformational pathways for glycoside hydrolases, yet it is only the synergy with chemistry that delivers the confidence to interpret such structural data. Together such studies open up the real possibility to synthesize and harness specific transition-state mimics for particular classes of glycosidase, rather than expecting that all enzymes go through similar half-chair transition states as appears to be the current assumption. Indeed, there is good evidence for enzymes that utilize the four possible transition-state conformations 4 H 3 , 3 H 4 , 2,5 B and B 2, 5 . Such studies need not be limited to glycoside hydrolases. The nucleotide-sugar-dependent glycosyltransferase field is, in terms of structural biology at least, where the glycosidase field was in the late 1980s and early 1990s and we have already seen that some potent glycosidase half-chair mimics do not act on transferases, such as glycogen phosphorylase. Given the importance of glycosidases and glycosyltransferases in many key cellular events, and the huge potential of these enzyme classes for therapeutic intervention, X-ray crystallographic snapshots of the reaction pathways are likely to prove extremely valuable.
